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                              Abstract 
 
Epidural Electrical Stimulation (EES) is an emerging technique in 
the field of Neuroprothetics for the stimulation of the Spinal Cord. 
It helps to restore motor function in patients affected by Spinal 
Cord Injury. However the mechanisms that allow the restoration of 
motor function and the interaction between stimulation protocols 
and the neuronal structures involved in the process remain unclear. 
This thesis aims at the understanding of the relationship between 
stimulation parameters and the spinal activity during EES-induced 
stepping. For this study a biomechanical model of Rat Hindlimb 
has been developed. The model is validated with experimental data 
acquired on rats affected by SCI. The model allows to compute the 
Spinal Maps, that show the activation of the different spinal cord 
segments during locomotion and how the it is modulated by 
different frequencies of EES. The results lead us to affirm that 
increasing frequency of EES can on one side, selectively control 
the step height of the animal, but on the other side reduce the 
quality of walking by over-activating the spinal cord. Also the 
results suggest to use in future the second protocol of stimulation 
used in the experiments. These studies can be useful to drive the 
design of spinal neuroproshteses in  the future not only for patients 
affected by SCI, but also by Parkinson or other diseases related to 
the Nervous System. 
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1.1 Introduction 
Every day millions of people around the world have trouble doing simple actions as 
drinking a glass of water, or walking. These people are in fact affected by diseases 
which do not allow them to do a lot of daily life actions. A traumatic amputation, a 
spinal cord lesion, a stroke event can be causes of an irreparable damage to one or 
more structures of the human nervous system. When a part of this complex system 
is damaged, the consequences is the complete loss of the motor functions. In 
particular, this work focuses on the Spinal Cord Injury (SCI). A lesion that interests 
this tract of the Central Nervous System (CNS) can lead to a partial or complete 
paralysis of the limbs. One of the main goal, that researchers all over the world are 
trying to reach, is the regain of a proper locomotor activity in this kind of patients. 
Considering the poor regeneration properties of the nervous tissue, one of the 
strategies  that seems to have good result  is the field is the epidural electrical 
stimulation (EES). In fact EES is a powerful technique in the field of the 
Neuroprosthetics. It consists in stimulating the spinal cord  with electrical impulse 
that the nervous system exploits to start motor tasks. Recent studies show that EES 
contributes to improve motor execution and recovery after spinal cord injury [1], 
Parkinson’s disease[2]multiple sclerosis [3]and possibly other neurological 
disorders affecting descending control system [4]. However the mechanism and the 
neural structures, by EES facilitates movement execution, remain unclear. This 
work of thesis aims to understand how EES works, how it can influence the motor 
function in the SCI subjects and which is the best protocols of EES stimulations. 
In order to analyse what change at a spinal level with different protocol of 
stimulation Spinal Maps have been used. They are particular bio images techniques. 
They show the activity of each spinal segments, according to the stimulation 
supplied and correlating the output of the spine to the locomotion of the rats show. 
The activations of the muscles is necessary to reconstruct them. Then experiments 
have been conducted on rats affected by SCI and stimulated by EES. A 
biomechanical model of the rat right hindlimb, developed in OpenSim, has been 
used to support the experiments. Solving the dynamic inverse problem the model 
gives the possibility to study the activations of all the muscles of the leg of the rat.  
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The model has been validated through the comparison with the activation of the 
muscles of the rats obtained by the experiment. Then it has been used to predict the 
Spinal Maps.  
The results show that the variation of the frequency allows to have a control both 
the height of the steps of the rats and the activation of its muscles. On the other 
hand only with a particular protocol of stimulation- the phasic one- it is possible to 
recruit specific motoneurons according to the phase of the gait cycle.  
In conclusion  this work gives the possibility to know how EES works in order to 
improve in the future this field of the Neuroprosthetics, and then to develope new 
spinal neuroprostheses. 
In the next chapters we will consider how it is possible to obtain the spinal maps. In 
chapter 2 there is a detailed description of the experiments, of the rat right hindlimb 
model and of the experimental method. In chapter 3 there is the validation of the 
model and the results. In the following, an historical excursus of the Neuprosthetics 
we focus on the spinal cord and on EES. 
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1.2 Neuroprosthetics 
It was around 1957 when a new discipline, called Neuroprothesics, emerged. It is 
related to neuroscience and biomedical engineering, concerning with developing 
neuronal prosthesis which can replace or improve specific functions of the nervous 
system. The human system , in fact, can suffer from irreparable damages of one or 
more of its structures after traumatic amputation, spinal cord lesion, stroke event.  
The Nervous System is a complex structure which receives, processes and conducts 
stimuli, coordinates and connects the various parts of the body [5]. It is involved in 
the regulation of trophic processes and functions of individual organs, it also allows 
the organism to receive impulse from the external word and to react. Anatomically 
it consists of two parts : the Central Nervous System (SNC) and the Periferical 
Nervous System (SNP). The first one includes the brain and the spinal cord, while 
the second one contains the cranial nerves coming from the brain and the spinal 
nerves which come from the spinal cord with the ganglion cells. 
PERIFERICAL NEURVOUS SYSTEM 
It is distinguished in two principle parts:  
 Somatic Nervous System, which is responsible of the voluntary motor 
answers, composed by the nervous fibers which send sensitive informations 
to the Nervous System and motor fibers which are connected with the 
skeletal muscles. 
 Autonomus Nervous System, which is divided in two antagonist parts: the 
Symphatic system and the Parashympatic system. The first one takes origin 
in the spinal cord, stimulates the heart, gets ready the body to the physical 
activity, enlarges the bronchiol tube, contracts the arteries. Instead the 
Parasympatic decreases the beat of the heart, pressure, and includes the 
vasoconstriction of the heart’s arteries, in the digerent tube. It arises from 
the encephalic trunk and in the sacral part of the Spinal Cord. 
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CENTRAL NERVOUS SYSTEM 
It includes the brain and the Spinal Cord, protected by the skull and vertebral 
column and also from connective tissue membranes called meninges. The brain 
has an internal part of white substance, composed of myelinated fibers, responsible 
of the brain’s colour and surrounded by gray external substance of the soma. There 
are also trasversal zones where the gray substance is in internal part and the white 
substance is in the external area. 
 
Fig.1 .1 : The organization of the Neuron System. It consists of a Peripheral Nervous System 
            and a Central one. The first one includes Peripheral nerves and the second one is 
composed of Brain and Spinal Cord. 
 
Physiologically the sensorial fibers of the Periferical Nervous System conducts the 
messages, the stimuli from the periphery to the Central one; the motoneurons 
transform the Central Nervous System’s answer into a stimulus into an action, 
giving impulses to the muscles .  
Pathologies such as Alzheimer, Parkinson, sclerosis, SCI induce damages to the 
Nervous System. Neuroprosthetics can really help patients affected by these 
diseases to restore functions of the Neuron System or to reduce the degenerative 
process of the pathology [6] 
First experiments of Neuroprothesics were done in the 1940 when a group of 
researchers tried to use electrical stimulation for the visual cortex [7]. This  
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stimulation gave to blind patients the feeling of visual sensation. This approach is 
still object of study in order to develop cortical visual systems. In the 1957, date of 
the birth of the Neuroprosthesics, the cochlear implant (Fig.1.2) was developed. It 
is a bionic ear which, differently from the hearing aids, it doesn’t amplify the sound 
but it stimulates the auditory nerve of the cochlea with electrical impulses [8].  
 
 
 
 
 
 
 
 
Fig 1.2: example of Neurophrostetic: Cochlear implant. 
 
Neuroprosthetics also can restore voluntary movements which spinal cord injury, 
for example, compromises. In this case microelectrodes, implanted on the scalp, 
permits to realize small answer of the cerebral activity, which can be used to 
control robots [9]. In this century the goal of the researches is to create and 
implement hybrid system. This kind of hybrid system use the information of the 
nervous system to give orders to external robots. The robots could improve and 
finally substitute motoric function lost by patients affected by particular and serious 
disease. The exoskeleton (Fig. 1.3) is the main exponent of this category of robots: 
it envelops the weak body of the wearer, and keeps a strong relation with 
thepatients: it helps and supports patients to realize the complex movement 
capturing the intentional movement of man trough sensors [10].  
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Fig 1.3: Exoskeleton used in rehabilitation in order to restore motor function. 
 
Other two examples of Neuroprosthetic are Brain to Machine Interface (BMI) and 
Functional Electrical Stimulation (FES). BMI is an interface which record directly 
the signal of the nervous system because it is implanted in the brain. It enables the 
patient to control, in real time, assistive device, such as robotic limbs. In 2006 a 
brain interface has been implanted in a tetraplegic individual [11]. The interface, 
namely BrainGate, consisted of an array of 96 silicon electrodes. They penetrated 
1.5 mm into the zone of the cortex responsible of the movement of the upper limb. 
They recorded firing from 50 or more neurons. The patient was able to operate a 2D 
computer cursor as well as a control grasping movements of a hand prosthesis. The 
brain had been implanted for over 5 years. Being able to obtain stable outcomes 
during such a long implantation period was a good achievement. The current 
challenge consists in improving the long term performance of intracortical 
electrodes, as well as the mechanical and biological compatibility of the electrodes. 
Alternatively it is possible to record the signal of the nervous system with another 
category of BMI, which are not invasive. In fact, this kind of interface are placed on 
the scalp and not implanted: they obviously record a weaker signal, able to control 
an external device.  
FES is used to reanimate paralysed limbs. It involves the elicitation of muscular 
contractions by using electrical stimulations of motor nerves via surface or  
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implanted electrodes. FES surfaces are distinguished in non-implanted ones and 
implanted ones. The first one has the advantage of being non-invasive. A negative 
aspects regards the electrodes: the process to embed and to remove takes time and 
also a limited number of muscle can be independently stimulated. Implanted FES 
systems for multiple muscles could be more convenient for patients, but require 
extensive surgery and have found difficulties in being commercialized. 
 
 
 
 
 
 
Fig. 1.4: Differences between the areas where BMi and FES acts. The first interface directly 
with the brain and, the second one is in contact with the muscle. 
 
 
In order to restore locomotor functions there is another way of stimulations , it is 
the Epidural Electrical Stimulation (EES). It concerns the stimulation of the Spinal 
Cord and it can be very helpful for patients affected by SCI. 
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1.3 Epidural Electrical Stimulation of  
                   the Spinal Cord 
 
 
 
 
 
 
 
 
Fig.1. 5: organization of the Spinal Cord. The external part is composed of three different layers  
(dura mater, arachnoid, pia mater), in the internal part a gray matter is distinguished from the white 
one. 
 
Spinal Cord is a part of the Central Nervous System, that controls the voluntary 
muscles of the limb and trunk, and which receives the sensory information from 
these regions. It is the way of communication between the central and peripheral 
nervous system. It is composed of a dense stack of neurons which are protected and 
contained by the vertebral column. In the rats it is made of 34 segments:  
 8 cervical (named C1 to C8) segments,  
 13 thoracic (T1 to T13) segments,  
 6 lumbar (L1 to L6) segments,  
 4 sacral (S1 to S4) segments,  
  3 coccygeal (Co1 to Co3) segments.  
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The human spinal cord differs from that of the rat’s one because it has only 12 
thoracic segments, 5 lumbar segments, 5 sacral segment and 1 coccygeal 
segment, making a total of 31 segments.  
The spinal cord is flexible and elastic, and it is covered by the spinal meninges. 
They are specialized membranes, composed of three layers (from the external to 
the internal one -dura mater, arachnoide mater, pia mater-), which give to the 
spinal cords physical stability and protection form the impacts. The spinal cord 
is, also, characterized of two swellings, where are respectively located the 
nerves for the upper limbs and for lower ones. In the transversal section the 
spinal cord is composed of a gray matter in the internal part, and white matter 
in the external one. The gray matter has the typical shape of butterfly or the 
capital letter “H” (Fig. 1.5), depending on the level. The cross bar of the H 
encloses the central canal. The “H” is composed of different zones :  
 the central region,  
 the thoracic region, 
 the upper segments.  
The central region connects the dorsal horns and the ventral horn. In the 
thoracic one there is a small projection of the intermediate gray matter called 
the intermediolateral horn, that contains the cell of the autonomic nervous 
system. The thoracic intermediolateral horn contains also preganglionic 
sympathetic neurons. In upper sacral segments there is the sacral 
parasympathetic nucleus, which is composed of preganglionic parasympathetic 
neurons. The dorsal horn of gray matter extends as far as the surface of the 
spinal cord, and contacts the surface at the point where the dorsal nerve rootlets 
enter the spinal cord. The white matter surrounds the gray matter, its colour 
depends on myelin, a substance of lipids and proteins. It is composed of 
nervous fibres, more fibres together  arranged in stacks – ascending and 
descending- which connect the spinal cord to the brain. The ascending fibres 
composes the endogeneous stack, which conducts the external stimuli of the  
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body to the brain.  The stack of the descending fibres , called exogenous stack, 
takes origin in the brain and descends in the spinal cord. 
 
 
 
 
 
 
 
                            Fig. 1.6: schematic organisation of a motor unit. 
 
MOTONEURONS (Fig. 1.6) are the neurons, which connect the spinal cord to  the 
muscles. They have the cell body in the anterior part of the H of the spinal cord and 
their axons reache and innervate a group of motofibres. The motoneurons, which 
innervate a single muscle, compose a compact column which can occupy from 1 to 
3 segments of the spine. Motoneurons are divided in three categories: 
 alpha motoneurons which innervate the extrafusal muscle fibers within skeletal 
muscle , 
 gamma motoneurons which innervate intefusal muscle fibers within muscle 
spindle,  
 beta motoneurons which send axon branches within the muscle to both 
extrafusal and intrafusal muscle  fibers.  
AFFERENT FIBERS are the responsible of the monosynaptic reflex. After the 
stimulation, the fibres conduct the impulse, causing the action potential, into the  
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alpha motoneurons, they are connected to. It is easier to stimulate this kind of fibres 
because of their big diameter. 
     
SPINAL CORD INJURY (SCI) affects over 130,000 individuals each year, and 
estimated  2-3 million people worldwide are living with SCI- related disability [11]. 
Damages to the vertebrae, to the ligaments or to the disks of the spinal column or to 
the spinal cord itself can result in a spinal cord injury. It is possible to distinguish in 
a traumatic and non traumatic spinal cord injury. The traumatic SCI is primarily 
characterized by acute compression and contusion of the spinal cord. One of the 
possible causes can be the bone or disk displacement within the spinal column 
following fracture-dislocation or burst fracture of the spine [12]. When of these 
events happen there is hemorrhage and the generation of a necrotic epicenter, which 
is then followed by an expanding wave of secondary degeneration and cell death. 
Typically, more peripheral portions of white matter are spared while there is 
extensive damage of gray matter and the gradual formation of cysts. There is, also, 
a progressive demyelination. The nontraumatic SCI may be caused by arthritis, 
cancer, inflammation, infections or disk degeneration of the spine. In those cases 
SCI becomes a chronic and controversial stage, only current treatment (summarized 
below) may revert chronic injuries back to a more treatable acute state. SCI results 
in several losses of function, ranging from total paraplegia to specific loss of 
neuronal control to a particular organ, allodynia or even simple neuralgia. In human 
cervical SCI is more frequent then thoracic, lumbar and sacral injuries [13]. SCI is 
also distinguished in complete and incomplete injury. The complete one , extremely 
rare in humans, involve a total disconnection from the ascending and descending 
stack of fibers. Instead incomplete SCI in humans and animals involves partial 
transections, contusion injuries (mild, moderate or severe), compression injury 
(clips, forceps), focal myelotomy (incision). However incomplete injuries typically 
leave a percentage of motor and sensory pathways intact.  
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EPIDURAL ELECTRICAL STIMULATION (EES) indicates an electrical 
stimulation of the spinal cord. It was used for the first time 40 years ago to alleviate 
chronic pain syndrome [14]. Many recent studies show that it can be used also to 
improve motor execution and recovery after SCI [15]. It can restore the functional 
interaction between residual descending connection and spinal circuit. If it is used 
with rehabilitation it can restore also supraspinally mediated movement after motor 
complete paraplegia.  
However the mechanism and neural structure, by which EES facilitates movement 
execution, remain unclear. The technique consists in the surgical implant of the 
electrode along the relevant section of the spinal cord. The electrode current 
spreads into the circuit of the spinal cord, and obliges the body to give answer to 
these stimuli. It appears evident that EES and FES have things in common: both are 
electrical stimulation used to restore muscular function. On the other hand they 
show a substantial difference, the zone where the electrode is implanted. In the FES 
the electrode is put on the skin, while in the EES in the spinal cord. Obviously 
putting electrodes in the spine is a more selective way to stimulate respect to put on 
the skin. After the implantation EES recruits the afferent fibres, causing the 
activation of the motoneurons and finally of the muscle. Computational models [15] 
show that EES recruits afferent fibres in the dorsal root, but it also acts into 
intraneurons. For that reason EES can be better than BMI, considering that BMI 
involves only afferent fibres. 
Recent studies [16] have demonstrated that the change of parameters -frequency, 
amplitude, and pulse width of EES- is able to modulate specific aspects of the 
stepping of the animals. This is a very important point which we will discuss in 
detail later.  
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1.4 Why modelling? 
A model is the selective abstraction of the reality. Albert Einstein  
A model can represent biological systems which are very complicated to 
synthesize. In particular a model can study the input of system in order to improve, 
for instance, the quantity of drug used for a specific disease. The introduction of a 
model can be really helpful, but there are some possible negative aspects to be take 
into account. 
Scientists have always been attracted by human movements, in particular in how 
the neuro-musculo-skeletal system works in normal and abnormal conditions [19]. 
Cerebral palsy, stroke, osteoarthritis and Parkinson’s disease are the principal issues 
on which clinicians, engineering, doctors focus. Often it is not so simple to 
understand the causes of these diseases, how they work and which areas of the body 
they involve. Sometimes experiments alone do not suffice to obtain all the answers. 
For instance, forces generated by all muscles of the hindlimb are not possible to be 
measured in the experimental trials or it is difficult to establish cause-effect 
relationship in complex dynamic systems like the neuro-musculo-skeletal one. 
These difficulties require the introduction of a theoretical approach next to the 
experimental results in order to predict the EMG when is not possible to extract 
them empirically, to understand the relationship between normal and abnormal 
movement and to uncover new treatments. 
Why modelling? In this work of thesis it has been decided to use a model, and in 
particular a model of the Rat Right Hindlimb. There are two reasons that justify this 
choice. First of all there is a technical reason. It concerns the fact that it is 
impossible to implant too many electrodes in a rat’s leg. Even if currently the 
electrodes used are characterized by an high a biological compatibility, the risk of 
infection still exists. To prevent this risk, a maximum of two electrodes per legs can 
be implanted in the rats in chronic experiments. In order to predict spinal maps, 
which is the aim of this work, we need more than two muscles. The rat right  
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hindlimb model gives the possibility to study many muscles, having a 
contemporaneous idea about the activation of different muscles. It also gives the 
users the possibility to change parameters. In general models can reduce errors in 
experiments and increase knowledge of different phenomena. EES is a relatively 
new field of study and there are not as far now many works that analyse in details 
how it works and what change if we change parameters during the stimulation. The 
model gives the possibility to change in real time parameters and to study what 
happens in the physiological system as a consequence. The second reason concerns 
economic aspects. The implant in rats involves important economic cost. The 
animals before and after the implant need expensive drugs. Using a model next to 
the empirical approach strongly limits all these costs. In conclusion a model can 
give the chance to discover the world of the epidural stimulation and to learn 
something more about how the nervous system works.   
 
 
 
 
 
 
 
 
 
 
 
 
  
23 
 
 
 
 
 
 
 
 
Chapter 2 
 
Materials and Methods 
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2 The Dynamic Model of the Rat Hindlimb 
This chapter is a mathematical excursus on the Inverse Problem of biomechanics. 
The inverse problems described and solved in this thesis consists in using the 
kinematic variables of the rats ,affected by SCI, stimulated by EES, and walking on 
a treadmill, to obtain the activation of the muscles and then to predict the spinal 
maps. We propose to use OpenSim [22] for solving our inverse problem. Before a 
detailed description of this open source tool we analyse the experimental data of the 
rats affected by SCI and stimulated by EES. In particular the experimental 
kinematic trajectory of these data has been as source for the inverse problem 
solution. 
 
2.1 Mechanical Model: the inverse problem 
It was around 2000 years ago when Platon in the VII books of the Republic, exactly 
in the myth of the Cavern solved an inverse problem: the prisoners of the Cavern 
would like to describe the world outside using only few information regarding the 
shadow projected on the bottom of the cavern. In mathematics the inverse problem 
is a complex field of study, still now object of interest. In a lot of different 
situations it is necessary to solve an inverse problem. For example, the Axial 
Compute Tomography (TAC) and the Single Photon Emission Computed 
Tomography (SPECT) solve an inverse problem using the projection of the objects 
to recreate 2-D or 3-D object from mono-dimensional images. 
The inverse problem implies the existence of the direct problem. A direct problem, 
for example, can be the product of two number, the inverse problem consists in 
finding two number that give a specific product. It is definitively more complicated. 
In general in the direct problem we know the input and the method to reach the 
solution. On the other hand in the inverse problem we know the solution and the  
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method, our object is to the find the input. In a process that describes a physical 
phenomenon or in general in the real world a direct problem can be summarized as: 
 
Cause        Model    Effect 
 
       
 
In formula:                                                 ( )                (1) 
 
The inverse problem is exactly the opposite: 
                            
                              Effect      Model    Cause. 
 
The inverse and direct problem are distinguished by another difference: the direct 
problem is a well-posed problem, instead the inverse one is a non-well posed 
problem. According to Hadamard [17] a problem is well-posed if all of the 
subsequent conditions are fulfilled: 
1. EXISTENCE: at least a solution exists. 
2. UNIQUENESSE: the solution is unique. 
3. STABILITY: the solution depends from the set of data. 
The most important condition is the last one: in solving an inverse problem, the 
stability is really important, because if the solution does not depend on the data 
probably it is not congruent with the reality. The first condition can be forced by 
increasing the space of the solutions. If more than one solutions exists, there are not  
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enough information for the model. In order to reduce the number of solutions, other 
information have to be insert into the model. 
This thesis has been developed on an inverse problem. In fact our object is to solve 
the inverse problem of the dynamics. 
The dynamics is the study of the relationship between the forces acting on a body 
and its motion. The dynamic problem can be solved in two ways. The first one is 
the direct dynamic problem. 
 
It consists in solving the second Newton equation: knowing the forces that act on 
the body we can predict its motion. The second way is the inverse dynamic 
problem: knowing the kinematic trajectories of the body it is possible to predict the 
forces acting on it, which are also the causes of the motion. In formula: 
 
 the direct problem 
          ⃗                    ∑  ⃗     ⃗⃗⃗̈                  ∬                        ⃗⃗⃗̈ 
 
 
 the inverse problem 
            ⃗⃗⃗                       
  
   
                ∑  ⃗    ̈⃗                    ⃗ 
 
 
where:   
 m is the mass of the body, 
  ̈⃗ acceleration of the centre of mass, 
 F the sum of the forces acting on the body. 
 
So to solve the inverse problem kinematic data of rats affected by SCI and 
stimulated by EES have been exploited. A biomechanical model of the rat right  
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hindlimb, developed in OpenSim helps to obtain the solution of the inverse 
problem: the forces. Appling these force to the muscles of the  model (paragraph 
2.8) we find the activations of the muscles, which  is one of our objectives. 
As second goal we proposed to use these activations to predict spinal maps for the 
study of the motoneuronal activity of the Spinal Cord. 
Step by step we will examine all the methods used to obtain the final result . First of 
all we focus on the experimental data, then we will consider Opensim and its tools. 
We will analyse the Rat Rigth Hindlimb model in the next paragraphs and in the 
next chapter we will focus on the motoneurons activity of the spinal cord. 
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2.2 Stimulation Protocol 
 
In this work we have analysed the motion and the muscle’s activation of rats 
affected by spinal cord injuries. Experiments were conducted on adult female Lewis 
rats (200-220gr body weight) and were approved by the Veterinary Office of the 
Canton of Vaud, Switzerland. Under aseptic conditions the animal received a 
complete transection of the spinal cord at thoracic (T7) level. Stimulating electrodes 
were implanted into the dura mater at spinal level L2 and S1 by using teflon-coated 
stainless steel wires. Two protocols can be used for the stimulation. The first one is 
called Tonic stimulation (Fig. 2.1). It consists in a constant stimulation during the 
whole gait cycle with impulses provided at 40 Hz, with a pulse-width of 0.2 ms. In 
this kind of stimulation we can decide to increase the frequencies of the impulse. 
The electrodes are placed in correspondence of the longitudinal symmetry axis of 
the spinal cord, the midline. The second one is called Phasic stimulation (Fig 2.2). 
The first difference between TONIC and PHASIC stimulation concerns the 
placement of the electrodes. In the phasic stimulation they are situated not exactly 
in the midline: two electrodes are used-located 1000 µm from the midline both 
towards left and towards right. At S1 level, the electrodes are placed 750 µm far 
from the midline, because of the smaller size of the spinal cord itself. Moreover, the 
stimulating impulse in the phasic protocol is not continuous but it is used in 
according to the gait phase. The Phasic in fact consists in stimulating alternatively 
S1 and L2. More precisely L2 is stimulated in the swing phase and S1 in the stance 
one
1
, because studies show that stimulating S1 extensor muscle can be activated, 
whereas the stimulation of L2 activetes flexor muscle [15]. In double stance instead 
S1 and L2 are both activated, because this is a phase in which both feet are in 
contact with the ground, and muscles have to be all activated. 
 
 
                                                          
1
 Swing and stance are two different phases of the gait cycle. (paragraph 2.8) 
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           Fig. 2.1:  Tonic Stimulation Protocols. For the stimulation the electrodes are  implanted into the dura  
          mater at L2 and S1 level, at midline. The impulses of the stimulation are provided at a fixed   
          frequencyfor all the cycle gait. In blue there is the trajectory of the marker on the rat’s foot. 
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Fig.2.2:  Phasic Stimulation Protocols. The electrodes are  implanted into the  dura mater at L2 and     
S1 level but they are far from the midline. The electrode  for the the stimulation of S1 is 750 µm 
far from the midline, the other one for stimulating L2 is far 1000 µm far from the midline. In the 
picture only the electrodes for the right stimulation of the spinal cord are shown. The impulse is 
not constant: S1 and L2 are stimulated according to the phase of the gait. In the last image, in 
blue, there is the trajectory of the markers on the rat’s foot. It appear evident that L2 is 
stimulated in swing phase instead S1 in stance. 
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After surgery, after 1-2 week of recovery, the animal starts a locomotor training on 
a treadmill. The rat is positioned in a bipedal posture secured in a jacket (Fig. 2.3), 
that is attached to a robotic arm used to control and measure the amount of body 
weight supported by the hindlimb. The animal has 10 markers for the recording of 
the trajectories of the legs: 5 on the right leg and the other 5 on the left leg. The five 
markers of both the legs are located one on the foot, one on the ankle, on the knee, 
one on the hip and one on the crest. 
To restore their movement EES is applied in combination with serotonin
2
 or 
agonists of 5      and 5-          . The stimulation is in current. While the rat 
is walking on the treadmill we record the EMG signals of the Tibialis Anterior and 
of the Gastrocnemius
3
 from both the legs,  thanks to electrodes, implanted in the 
muscles. The whole process of stimulation and recording is managed by using a 
Tucker Davis Tecnologies (TDT) control device. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                          
2
 Seratonin is a neurotrasmitter of the nervous system which stimulate the muscle to react. 
3
 Gastrocnemius and Tibialis Anterior are two muscles of the rat’s leg. Gastrocnemius is situated in the 
posterior part of the leg, acts during the stance, it is a flexor muscle. Tibialis Anterior is located in the 
anterior part, it acts during the swing and it is an extensor muscle. 
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Fig.2.3: Rat affected by SCI walking while it is stimulated by a tonic impulse  . It is possible to see 
the five markers –on the rat’s skin- and the jacket  .The rat is supported by the body weight.It walks 
in a bipedal way. The picture shows the stance phase when the right foot is in contact with the 
ground and the swig phases where the right leg of the rat is in air. 
 
We have examined in total four  rats. Three of them are stimulated with EES in a 
TONIC way. During the stimulation of the third rat the frequency of the tonic 
impulse has been changed. It increases with the time, ranging from 40 Hz to 100 
Hz. We will consider which changes it comports and which way of stimulation is 
better in the next chapter. 
The fourth rat has been stimulated in a PHASIC way. Also in this case the 
implication of this kind of stimulation on the motoneurons activity of the spinal 
cords will be analysed in the next chapter. 
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2.3 Data acquisition and experimental setting 
The experiments consist in stimulating the rats with EES while they are walk on the 
treadmill. The markers on the rat’s skin record the kinematic of the walking. On the 
other hand the electrodes implanted allow to observe and also to record the 
activation of the muscles. The Vicon Motion System is used to elaborate these data. 
 
2.3.1 The Vicon Motion System 
The Vicon Motion System is a motion capture system. It consists of 6 infrared 
cameras which record the trajectories of the markers above the rat’s skin with a 
sampling frequency of 200 Hz. The markers are elements of reflective material 
which are illuminated by the cameras in standard intervals. The reflex, taken by the 
camera, allows to reconstruct the trajectories of the marker and to reproduce, in a 
3D space, the position of the marker for each instant of time. 
The Vicon system allows also to control whether the name of the markers are 
corrected for the whole experiment. Sometimes maker loses the name during the 
motion of the rat; and by using the Vicon it is possible to rename the markers for 
each instant of time. It is important that the markers have for all the trial the correct 
name and the relative value. In fact only in this way it is possible to obtain , using 
the makers’ experimental coordinates, a fluid movement in OpenSim. Then it is 
possible to cut the region of interest or to export completely the whole trial. 
This kind of motion system saves the kinematic trajectories for each marker. On the 
other hand it also records the activation of the muscle during the gait cycle thanks 
to the electrodes implanted in the rat’s hindlimb. The sampling frequency of the 
analogic data (activation of muscles and ground reaction forces), instead, is 2000 
Hz for the tonic stimulation and 4000 Hz for the phasic one. 
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So from the Vicon we can export the kinematic coordinates of the markers and the 
analogic data, in which there are not only the values of the muscles activation for 
each instant of time, but also and the ground force and the moments applied during 
rat’s walking . They are used to calculate the centre of pressure (COP) . The COP is 
necessary to implement the Static Optimization tool (paragraph 2.7). The COP is 
the point where the ground reaction forces are applied. It is computed taking into 
account the pressures on the contact surface with the ground. It is obtained as result 
of the ratio between the moments and the ground reaction force. Considering the 
definition of the moment, we know that it measure the capacity of the force to give 
rotational motion to an object respect to a point. In general a moment is obtained as 
a product between the force F and distance between force and the point where the 
force is applied (Fig 2.4). 
 
 
 
 
Fig. 2.4: application of the definition of the moment 
 
So in order to calculate the COP we use the following formulas: 
{
                 
               
                
        (2) 
   
          where: 
   ,  ,   are respectively the moments generates around the x,y,z 
axes, 
   ,   ,   are the components of the ground reaction forces, 
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     ,            are the components of the centre of pressure. 
 
And considering that the rat walks, according to the coordinate of the Vicon 
system, along the component y we can assume that               So we obtain: 
 
{
  
 
  
       
  
  
⁄
      
      
  
  
⁄
                                    (3) 
 
 
2.3.2 Geometrical Transformation from Vicon reference frame to        
              OpenSim reference frame 
 
Kinematics trajectories, measured with the Vicon system , are used for the 
OpenSim model. It is possible only if they are converted into the coordinate system 
proper of OpenSim. 
 
In fact the two softwares, OpenSim and Vicon,  have two different Cartesian 
system. For this reason before using the file in OpenSim it is important to apply a 
rotation matrix to each data set. In particular we have used the following matrix : 
 
  (
   
   
   
)     (4) 
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The same rotation has to be applied to the ground reaction force. 
 
 
 
 
 
 
 
 
 
  
                                                              
                                                         Fig. 2.5: origins of the two softwares 
 
Also the origins of the COP has to be changed. It has to be translate relating to the 
Vicon origin and the rotated relating to the OpenSim origin. 
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2.4 Open Sim 3.2 
Open Sim is an open source [20], open-platform software which helps to model, to 
analyse, and to simulate the musculo-skeletal system. Biomechanics community 
can communicate and share its models and structures, because it is a freely 
available software, and everybody can use models created by other users. Certainly 
this is a very important step to increase the knowledge about the neuro-muscular 
system. [19] 
The underlying software of Opensim is written in ASCII C++  and it has a graphic 
interface in Java. It has different tools which are very simple to use thanks to the 
interface. 
The software is an optimum instrument: it allows to create a model, to give motions 
and to study the activation of the muscles. In OpenSim the models are composed of 
bodies, joints and muscles. In literature there are a lot of models, for example, the 
model of the human lower right limb [21].It is composed of: 
 bodies: the bones of the leg-,  
  joints: the areas where the two bones are attached for the purpose of 
permitting body parts to move,  
 muscles: where the Forces obtained by the inverse problem are applied in order 
to obtain their activations. 
There are many different approaches, and many different tools provided by the 
software in order to obtain the activation of the muscles (Fig. 2.6) 
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Fig.2.6 : Opensim level of tool’s organization. The figure shows the different way through which it  
is possible to find the same results: the activation of the muscles. 
 
 
We will focus, in particular, on SCALING, INVERSE KINEMATIC AND 
STATIC OPTIMIZATION which are the tools used in this work of thesis. These 
tools allow to obtain the activation of the muscles of the rat model. 
In fact in the next paragraphs there is a detailed description of these tools. 
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2.5 Scaling  
The first objective , before giving motion to the model, is the scaling of the model 
according to the real subject. It is important and necessary every time we want to 
work with a model, because using the scale we guarantee that the parameters of the 
model- dimension, mass of the bodies and joints- are congruent with the reality. 
Opensim has a particular tool (Fig. 2.7), which allows the scaling of virtual markers 
placed on the joints and bodies that constitute the model – the marker of the model- 
and the experimental ones, used during kinematics recordings and placed on the 
animal limbs. The routine then scales the body’s segments according to the relative 
distance between each corresponding couple of markers. 
 
 
 
 
 
 
 
 
 
                                              Fig. 2.7 : Scale Tool Interface.  
 
The Scaling tool is the first step because first of all it is important to scale the 
model according to the reality. On the other hand it is necessary if we want to 
obtain a fluent movement in the inverse kinematic (paragraph 2.6). In fact a good  
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correspondence between real markers and virtual ones implies a good motion of the 
model. There are two possible way to apply the scaling: Measurament-based 
Scaling and Manual Scaling. The first method defines a scale factor of a body, after 
calculating the distance between the virtual marker on the model in its default 
configuration and the experimental marker positions provided. To understand how 
the tool work let’s consider a simple example. If d1 is the distance between the 
marker on the knee and the maker on the hip, d2 indicates the distance between the 
marker on the knee and on the ankle of the virtual model, d11 and d22 are 
respectively the distance indicated by d1 and d2 but experimentally measured, then 
the scale factors are : 
         ⁄  ;                                                     (5) 
          ⁄                                                       (6) 
So the overall scale factor is the average of all the scale factor, in  this case : 
                                                 
(     )
 ⁄                (7) 
The marker pair used to compute the scale factors of the body are specified in the 
tool or in additional file given as input to the tool. The second method is applied if a 
scale for a body is known because in this way the user can specify manually the 
scale factor. We used the first one because it is a more precise method instead of 
the manually measurements. 
The scale tool provides a good correspondence if the error of the markers (RMS) is 
lower than 2 cm. We chose 2 cm as limit because an error smaller than this value is 
considered little enough if compared to the typical dimensions of the rat's hindlimb. 
To use this Scale tool two inputs are necessary (Fig. 2.8): one is  the model and the 
other one is the kinematics of the markers in the starting position of the rat’s 
motion.  
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Fig.2.8: Input and Ouput of Scale Tool 
 
 
The output is a scaled model with scaled marker, able to be used for the inverse 
kinematic. 
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2.6 Inverse Kinematic 
When each marker is in the correct position it is possible to proceed with the 
second step: it consists in giving motion to the model. Starting from the real 
trajectories of the marker, obtained by the Vicon system, we can use the inverse 
kinematic tool to move the model in the 3D space of the software. 
 
 
 
 
 
 
 
 
 
 
Fig2.9:  Kinematic Tool Interface. 
 
The tool solves the weighted least square problem which aims at  the reconstruction 
of the experimental kinematics by minimizing the difference between the real 
markers and the virtual one (after proper scaling), and the difference between the 
joint angles. The minimization problem can be expressed by the following  
equation: 
 
                       ∑             |  
      
   |   ∑               (  
      
   )     (8) 
  where: 
   
      
    are respectively the three dimensional positions of marker of 
the subject and of the model, 
   
      
      are the joint angles of the subject and of the model,  
    are the weights for the markers and the joint angles.  
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The tool allows to set the weights of the marker. The maximum value for the 
weight is 1 and it implies that the virtual marker exactly follows the kinematic of 
the real one, 0.5 is an intermediate value, 0 stands for the virtual markers not 
following the real one. 
 
 
 
 
 
                                                            Fig. 2.10: Input and Output of IK tool 
 
 
As input (Fig. 2.10) the tool needs the scaled model and the trajectories of the 
marker at each instant of time, derived from the Vicon system. In this case the 
trajectories change over time reproducing the rat’s walking, in the Scale tool it does 
not happen: the trajectories have the same value for each instant of time.  
The output of the inverse kinematic tool are the joint angles of the model at each 
time point 
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2.7 Static Optimization 
The Static Optimization is the last step, in fact it permits to obtain the activation of 
the  rat’s muscles. 
 
 
 
 
 
 
 
 
Fig. 2.11: First part Static Optimization Interface, where it is possible to insert the mo 
file and to chance the name of the output file. 
 
It solves the equation to obtain the joint’s torques and then it calculates the muscle 
activations. It uses the known motion of the model and solves  the inverse problem 
(paragraph 2.1) in order to obtain the unknown generalized forces (e.g., joint 
torques) subject to one of the following muscle activation-to-force conditions: 
 ideal force generators:           
                                    ∑ (    
 )                                           ( )                 
 
 constrained by force-length-velocity properties: 
∑     (   
       )  
 
          ,               (10) 
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 while minimizing the objective function:   
                         ∑ (  )
  
                                       (11) 
 
where : 
 n is the number of the muscle in the model;  
    is the activation level of the muscle m at a discrete time step; 
    
  is the maximum isometric force;  
    is the length; 
     is its shortening velocity; 
   (  
       ) is the force-length-velocity surface;  
      is the moment arm about the  
   joint axis;  
    is the generalized force acting about the  
   joint axis; 
 and p is a user defined constant.  
Note that for static optimization  (  
       ) computes the active fiber force 
along the tendon, assuming an inextensible tendon, and does not include 
contribution from muscles’ parallel elastic element. (paragraph 2.8) 
 
            
 
 
 
 
 
                                       
 
Fig.2.12: Static Optimization Tool second part for inserting the 
actuators and ground reaction force. 
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The tool needs as input : 
 the joint angles obtained by the inverse kinematic,  
  the actuators , 
 the external forces acting on the rat’s hindlimb.  
 
The actuators are essentially replacement forces that help the muscles if they are 
too weak to perform the movement. They can assume as value of their force zero, 
infinity or a determined number. The value 0 indicates that the muscle does not 
need help, 1 stand for it need all the help. Actuators are needed because the 
representation of the biomechanics is limited to the limbs, but often dynamical and 
kimematic properties of the limbs movement are depend actually from the whole 
body inertia and momentum. To compensate for these possible effect additional 
actuators may correct the torques at the joint in order to reproduce the experimental 
kinematics. 
 
The external force contains the values of the ground reaction forces and the COP 
measured while the rat is walking during the experiments. 
 
 
 
 
Fig. 2.12: Input and Output of Static Optimization Tool 
 
After running the tool, we obtain the activation of each muscles..  
Other tools that characterize the Software and that could be used to reach the same 
goal of this thesis are: 
 INVERSE DYNAMIC determines the forces and the joint torques acting along 
each bodies. 
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 RESIDUAL REDUCTION (RRA) works solving a residual reduction. It needs 
the trajectories of the markers, the ground reaction force and actuators. It gives 
as output the kinematic trajectories are adjusted according to the input one. 
 
 COMPUTED MUSCLE CONTROL (CMC) is in substance a type of Static 
Optimization. It needs as input the file which RRA gives as output.  
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2.8 The Rat Model 
In this work it has been used a biomechanical model of the Rat Right Hindlimb 
created in Opensim developed by Johnson et colleagues [22], after the measuring 
of the geometrical and biophysical parameters of bones, muscles, and tendons of a 
rat, created a model of the rat hindlimb intended to simulate natural quadrupedal 
walking. 
 
 
 
 
 
 
 
                  Fig. 2.13:rat hindlimb model with bodies, muscles and and markers. 
 
The model, as other models in OpenSim, is organized in bodies with specific mass 
and inertia, that represent the different parts of the rat’s hindlimb (Fig. 2.13). All 
the bodies are connected by different joints. Their orientation and location are 
expressed with respect to their specific reference frames and to the bodies to which 
they are connected. Each body is constituted by a bone structure and several 
muscles, in particular the model has 39 muscles. Inside the general model, the 
muscle are in turn modelled according to the representation of the ThelenMuscle 
[23]. It is a model based on the Hill’s model which consist of three components: a 
contractile element (CE), a parallel element (PE), and a series element (SE). 
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Fig.2.14:   Hill’s Model of the muscle where    is the force of the contractile elements 
and    the force of the elastic one. 
 
A contractile element of the muscle fiber is in series with the viscoelastic or elastic 
element of the tendon (Fig 2.14). The fiber has also an elastic component in series 
with the contractile one. The Hill model is used to calculate the force that the 
contractile element can generate   . It is a function of three factors:  
 the activation value α,  
 the normalized length of the muscle unit  ( ) 
 and the normalized velocity  ( ) of the muscle unit. 
In formula: 
 
                                                           ( ) ( ) ( )  
                  (12) 
 
The parameters used to characterize each muscle are maximum isometric force 
(  ), optimal muscle fiber length (  ), tendon slack length (   ), maximum 
contraction velocity (    ), and pennation angle (  ). In particular: 
 
 Maximum Isometric Force is the max of the force that the muscle generates 
without changing length. 
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 Optimal Fiber Length is the length of the fiber of the muscle. 
 
 Tendon Slack Length  is defined as the length beyond which muscle and tendon 
begin to develop passive elastic force and determines the compliance of 
individual tendons. 
 
 Maximum Contraction Velocity is the max velocity of the muscle to reduce its 
dimension – in size or length – after an electrical impulse or a nervous system 
impulse. 
 
 Pennation Angle is the angle of the inclination of the fibers regarding the 
direction of the development of the Force. 
 
We set these values for each muscles using the parameters measured in Will L. 
Johnson et al.,2013[24] . (table 2.1) 
            
      
 
 
 
 
 
 
 
 
 
 
 
Tab. 2.1:values of the parameters of each muscles 
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The rat’s hindlimb is characterized also by the presence of five markers Rmtp, 
Rankle, Rknee, Rhip, Rcrest. It is clearly expressed where each marker is situated 
and it is also expressed its location with respect to the body segment. The user can 
decide to fix the marker, in that case it cannot work on the parameter fixed in the 
software interface. If the parameter is false the marker is free to move, making it 
possible for it to follow the trajectories coming from the experimental dataset. 
We applied to the model three different tools analysed in the previous paragraph: 
Scale, Inverse Kinematic and Static Optimization. This approach has already been 
used in the literature [24] and it is in fact the most used. Here we use this process in 
order to validate the model. As we will show better in chapter 3, we compare the 
empirical activation of the muscles with the ones obtained by the model, by the 
Static Optimitation. In particular we focus on the activation of TA - tibial anterior - 
an extensor muscle of the anterior part of the leg which dorsi-flects the ankle and of 
the GM - medial gastrocnemius - a flexor muscle of the posterior part of the leg 
which extend the ankle and contributes to the flexion of the knee. TA acts during 
the swing and GM during the stance. 
 
 
 
 
 
 
                           Fig. 2.15: representation of the phases of the gait cycle. 
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The swing is the moment in which the foot is off the ground, the stance the period 
in which the foot is on the ground (Fig 2.15). They are two phases of the gait cycle. 
In particular the stance phase is divided into the point of the initial contact of the 
foot on the ground (hell strike HS), the point when the full foot is on the ground 
(mid stance) and the point where the the stance phase ends (toe off TO). It includes: 
 a double stance period, which represents the starting moment of the gait 
cycle, when the two feet are at the same time on the ground; 
 a single stance period, that starts when the opposite foot is in swing, raised 
from the ground; 
 another double stance interval: it is the ending moment of the gait cycle, 
when the two feet reach again the ground. 
 
In general the swing is the 40% of the gait cycle, the stance the 60% (Fig. 2.15). 
The two double stance represents in total the 20% of the total cycle, the single 
stance is the 40%. Note that in our case the rat has a spinal cord injury and when it 
walks sometimes it is not possible to distinguish correctly these phases [25]. 
 
 
2.8.1 Scaling 
The initial position of the each marker obtained by the Vicon system has been 
passed to the tool as input. 
Examining the results of the scale at the beginning we obtained an high RMS. We 
then adjusted the virtual marker, because the comparison between the video of the 
Rat and the Rat model shows that the markers in the model were not in the exact 
position of the experimental one. In particular, the markers on the right foot, hip 
and knee were not correct. We moved them in order to obtain the best comparison 
with the reality. 
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Only after many trials we obtained RMS=0.00348, which is much smaller than the 
limit of 2 cm. (paragraph 2. 
 
 
 
    
 
                                    Fig.2.16:  the rat model in red and the scaled one in blue. 
 
In the Fig. 12 we can see a second rat (in blue), scaled regarding the first (in red). It 
is important to apply the following tools to the scaled model. 
 
 
2.8.2 Inverse Kinematics 
We need the trajectories of the markers for the inverse kinematic tool. The data  
come from the Vicon system and in this case the values of the trajectories used 
change for each instant of time, reproducing the rat’s walking. The following step 
was to set the weights of each makers. The weights are coefficients that assume 
values from 0 to 1 according to how the marker of the model follows the trajectory 
of the corresponding real one. Understanding which is the better combination of the 
weights, in our case, was demanding, because it does not exist an immediate way to 
decide the weight for each marker. We tried many combination, we changed the 
weights one by one and every time we analysed the joint angles. The Joint angle is 
in general the angle between two segments, plotting the values that it assumes 
during the time we can analyse the motion of the respective joint. For example the 
knee angle is the one between  tibia and femur. Comparing the trajectories of the 
joint angles of the rat with the ones of the model we can in fact understand if the  
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weights have been set correctly. In this way we understand the influence of the 
weights. If the joint angles of the model obtained by the inverse kinematic do not 
match with the real one we can change the weight and can try the new combination. 
After many trials we notice that the combination for the Rat Hindlimb’s weigths, 
through which it is possible to see a correspondence between empirical joint angles 
and modelled ones, is: 
 RMTP = 1 , 
 RANKLE=1, 
 RKNEE=0.3, 
 RHIP=0.5, 
 RCREST=0.8. 
The marker on the knee has the lowest weight because it is the marker that during 
the rat’s walking moves a lot above the rat’s skin, so it does not follow the 
experimental trajectory perfectly. RMTP and RANKLE, respectively the marker on 
the foot and on the ankle, instead follow well the experimental trajectory. RHIP has 
an intermediate weight, RCREST an high weight; it is in general a marker that does 
not  move a lot during the walking. (Fig. 2.17 ) 
 
 
 
 
 
 
 
 
 
Fig. 2.1: Rat hindlimb model with the markers. They are the correspondence 
markers of the experiments 
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Plotting the joint angles given by this tool we obtain the flexion of the ankle, the 
knee and the hip. These angles are for this work the most interesting ones because  
they cause the activation of the muscles (TA and GM). In Fig. 2.18 we can see the 
flexion of the Ankle, Knee and Hip. They are the mean value of the joint angles 
obtained from four different gait cycle of two different rats. The modelled joint 
angles follow the experimental ones. In fact the maximum difference among them 
is approximately 10 degree with the except of the joint angle of the hip. It is 
congruent with the literature [16] but not congruent with the experimental data. For 
our studies the difference between the real joint angle of the hip and the modelled 
one is not so influent. Considering that the flex of the hip induce an answer in the 
higher muscle of the limb, instead we focus on TA and GM – two muscle of the 
lower part of the limb. Considering also the fact that the rats have a spinal cord 
injury, they are constrained to walk in a bipedal way, they are covered by a jacket 
which obstruct their ‘natural’ movements, they have electrodes implanted and wires 
outside it is normal that their movement are often spastic and stereotyped. It is 
obvious that the model can not faithfully reproduces the reality, it gives an answer 
next to the real situation. In this case the joint angle of ankle and knee are 
congruent with the reality, the other one of the hip approaches the real angle. 
So we can affirm that OpenSim creates an optimal motion and the weights are 
setting in a correct way.  
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Fig. 2.18: Joint Angles of the flexion of the Ankle,Knee and Hip during the walk of two different 
rats. In blue the mean value and the standard deviation of the experimental joint angles and in cyan 
the  mean value and the standard deviation of the joint angles of mod. The    gait cycle is divided in 
40%  of stance and 60 % of swing. 
 
The gait cycle starts with the double stance and ends with the end of the swing. In 
blue we can see the mean and the standard deviation of the experimental joint 
angles, instead in cyan the mean and the standard deviation of the joint angles of 
the model. According to the literature [26] we can see a pick of the three joint 
angles after the 50% of the gait cycle, that’s to say in the swing when the rat foot is 
in air. The only joint angle that fails in representing is the hip angle as we have 
previous discussed. 
Note that it is important before passing to the last step –Static Optimization- to 
choose gaits where it is easy to distinguish the phases of stance and swing and 
where are not other hops before the swing. In chapter 3 we analyse better the 
matter.  However using a gait in which the rat walk but it often hops, also when it is 
not the moment of the swing phase, can be a troubleshoot for the Static 
Optimization. 
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2.8.3 STATIC OPTIMIZATION 
The tool needs , as described in paragraph 2.6, as input the output of the inverse 
kinematic and the ground reaction force and the actuators. 
Actuators  It is possible to set the parameter of the replacement force to zero for the 
movements for which we desire that the muscle do not receive help. The 
replacement force of the flexion of knee, ankle, foot and sacrum are zero, because 
we need that the model reproduces exactly the real muscles activation and so it has 
to act only with the real force. We set one instead for the other movements like the 
abduction of the ankle, because in this case we need that the movement is 
completely perfect, forced to be corrected. These are real movements, almost not 
visible in the video of the rat’s walking, that the rats often perform during the trial. 
In fact the rats are affected by SCI, even if they are stimulated to walk again, their 
motion can be not perfect and fluent like for an healthy rat. So it is convenient that 
they are forced because we do not want them to influence the motion of the model 
in an uncorrected way. In this way it is guaranteed a fluid motion of the rat model. 
Ground Reaction Force During the motion of the rat it is possible to record not 
only the muscles’ activation but also the external force, the ground reaction forces 
that the rat produces when it’s walking on the treadmill. 
Note these forces act on both feet ant there is only a platform for their 
measurement. Instead in this work we examine only the rat’s right leg. For that 
reason we consider the principle phases of the rat’s walking: the swing phase in 
which there are not forces because the foot is swinging and it is not in contact with 
the ground and the single stance in which the right foot touches the ground and the 
left one is in air, in this event there are the ground reaction forces but they are 
applied only to the right foot. However the recoded forces show value different 
from zero also during the swing phase, because the force plate of the treadmill 
senses the force generated by the left foot that is in stance. So it is necessary to set 
to zero the force during the swing of the right foot. Another problem regards what 
happens in the double stance, the phase of walk in which both feet are on the 
treadmill. During the double stance ground reaction force is the sum of the force  
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generated by the right foot and the left foot, but we are interested only in the right 
foot so it was used a device. It consists, according to literature [27] , in interpolating 
the ground reaction force with a curve that starts with zero in the double stance and 
increase after the first instant of the double stance and then, in the stance, follows 
the real value of the force, to decrease and reaches again zero at the end of the 
second double stance phase. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.19:Interpolated component of the ground reaction force (Fy) plotted against the real 
one. Below there is he trajactoro of the marker on the right foot: we can distinguished the 
two phases of the gait cycle (stance/swing). 
 
In figure 2.19 we show the force obtained interpolating the real one. It is the y 
component  of the ground reaction force. 
It is very important to rearrange the ground reaction forces, they influence the 
results. If they are not consistent with the reality the static tool fail, giving 
activations of muscles that are very different from the real ones. 
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Then it is possible to proceed with the Static Optimization process, that gave as a 
result the activation of 39 muscles of the model during the cycle gait according to 
the kinematic trajectories of the hindlimb. 
In the figure below we show few instants of the process of the Static Optimization. 
The muscles of the scaled rat change colour – from blue to red- while they are 
activated. 
 
 
 
 
 
 
 
 
 
 
 
                      Fig. 2.20: it shows what happen during the process of the Static Optimization tool. 
           Each muscle changes colour –from blue to red- according to the instant of the gait 
           cycle where it has to be activated. 
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2.8.4 Spinal Map 
 
The last step of this work is the prediction of the Spinal Maps. After the validation 
(chapter 3) we can use in fact the model to predict spinal maps. 
 
They are a method through which we can understand the effect of EES at a spinal 
neuronal level. 
Spinal maps are bio-imaging techniques representing the activation of the different 
spinal segments in time. Below there is an example of a spinal map [27]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 Fig.2.21:Spinal map of human walking. 
 
The example shown is optained from the walking of seven healthy human subjects. 
Subjects were walking on a treadmill while EMGs signals of 12 muscles were 
recorded. It is clear that the map is composed of two main phases. Colour help us to 
distinguish them. They are divided from a blue region and spread until the cyan  
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one. The first area corresponds to the stance phases, the second one to the swing 
phases. There are four different bursts –in red-, which represent the moment where 
there is the maximum activity of the spinal segment. 
In previous works spinal maps methods have been used to investigate development 
and aging [33] . Here we use the maps to understand  the effect of EES on the 
spatiotemporal activity of the motor neurons in the spinal cord in SCI. The Neural 
activation of each spinal segment    can be estimated by the following equation , 
corrected from [29] to obtain a correct normalization per segment: 
 
                                     ( )  ∑
    
∑    
 (    ( ))
 
                                          (13) 
 
where: 
      is the weighting coefficient which represent the percentage of the 
motoneurons coming from segment i that innervates the muscle j;  
 
      is the measured EMG.  
Since in experiments we only record the EMG of two muscles , TA and GM 
(chapter 3). We use the model to predict the activity of a larger muscle set that will 
result in to a realistic estimation of the spinal motor activity. Among the 39 muscles 
that compose the hindlimb model we choose 8 muscles, for which the weighting 
coefficient where known. 
The selected muscles are: 
 Extensor Digitorium Longus (EDL), situated in the lateral part of the front 
of the leg. It allows the extension of the toes and dorsiflexion of ankle. 
 
 Flexorum Digitorium Longus (FHL), located on the tibial side of the leg. Its 
primary action is the flexion of the digits; it is the EDL’s antagonist. 
 
 Vastus Lateralis (VL); it is the largest part of the quadricipes femoralis, 
which extends and stabilizes the knee. 
 
  Iliacus (IL) for the flexion and thigh’s rotation. It fills the iliac fossa;  
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 Gluteus Medius (Gmed) for the abduction of thigh;  
 
 Semitendineous (STp), situated in the back of thigh, for the flexion of the 
knee and the extension of the hip; 
 
 Tibialis Anterior (TA) located in the anterior part of the lower limb, dorsi-
flexes and reverses the foot;  
 
 Gastrocnemius (GM), situated in the posterior part of the lower limb, flexes 
the foot and the knee; 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.22: summary diagram of the representation of the muscles and the spinal segments.Each     
muscle is projected above the spinal segment  where there are the motoneurons responsible of  
the innervation of this muscle. 
 
 
The weights of 6 muscles are setting according to [31]. Figure 4 shows how it is 
possible to obtain the weighting coefficient for each muscle. Each muscle is 
projected above the spinal segment, where there are the motoneurons responsible of 
the innervation of the muscle. To calculate the weight we need the whole length of 
the segment of the respective muscle and the part of the segment of the muscle 
which is exactly above the spinal segment. The weight is the ratio of these two 
lengths. For example the length of the segment of VL (Fig. 2.22) is one, and the 
length of the segment of this muscle projected above L2 is also one: so the weigth 
is 1. L2 is completely activated from Vastus Lateralis with a weigth of 1.For the 
weights of TA and GM we refer to [15]. 
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Then we normalize the obtained weights respecting to the row and to the column. 
Previously [35] the weighting coefficient assumes only two values 0,5 or 1, 
depending on the number of the sources reporting the anatomical innervations of 
each muscle . Later the normalization respecting to the rows has been proposed. It 
guarantees that the EMG signal related to one muscle is completely due to the 
contribution of the motoneurons innervating such muscle that are located in the 
lumbo-sacral spinal segments [29] (tab.1). This assume uniform distribution of 
motorneurons for each motorpool across its spanned segments, however no specific 
data on the density of all motorneuron pools in rats is available in literature. 
                                       
 
 
 
 
 
 
 
                              Tab.2.2: weighting coefficient normalised along the rows. 
 
As stated above, we propose to modify the classical spinal map formula [30] by 
normalizing also respect to each column of the table. This procedure allows to 
obtain a more precise activation of each lumbo-sacral segment as the spinal maps 
should report the level of activity of each segment regardless the number of 
motorcells present in that segment. Table 2 shows the weighting coefficients, 
normalized along the column. In table 1 it appears evident that for example the 
spinal segment L1 cannot result completely activated because the only muscle 
which contributes is IL and the amount of its contribution is low, with a weight of 
0.1. If we normalise we obtain that the activation of the IL can result in a 100% of 
activity of L1, as the table show.  
 
 
 
 
 L1 L2 L3 L4 L5 L6 
EDL 0 0 0.9 0.1 0 0 
VL 0 1 0 0 0 0 
STp 0 0 0.26 0.4 0.34 0 
FHL 0 0 0.9 0.1 0 0 
IL 0.1 0.9 0 0 0 0 
MG 0 0 0 0 0.8 0.2 
TA 0 0 0.2 0.8 0 0 
Gmed 0 0 1 0 0 0 
64 
 
 
 
 
 
 
 
                         Tab.2.3: weighting coefficient normalised along the rows and columns 
 
After setting the matrix of the weights and the one contained the all EMGs signals 
we can solve the equation 1. We obtain a matrix composed of 6 rows and n column. 
Each row regards a spinal segment, the number n of the columns depends on the 
length of the EMG signal. Then each element represents the percentage activity of 
the spinal segment due to all muscles at the time t. Finally the matrix L can be plot 
to obtain the spinal maps.  
In the next chapter we will discuss first of all about the validation of the model and 
then we show the spinal maps obtained through the model.  
 
 
 
 
 
 
 
 
 
 
 
 L1 L2 L3 L4 L5 L6 
EDL 0 0 0.28 0.07 0 0 
VL 0 0.53 0 0 0 0 
STp 0 0 0.08 0.29 0.3 0 
FHL 0 0 0.28 0.07 0 0 
IL 1 0.47 0 0 0 0 
MG 0 0 0 0 0.7 1 
TA 0 0 0.06 0.57 0 0 
Gmed 0 0 0.30 0 0 0 
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Chapter 3 
 
Results 
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A model in general synthetizes, through the mathematical instruments, the physical 
and chemical process of living organisms, with the objective to interpret and predict 
their behaviour. It allows to describe the real phenomena, but it can be used only if 
it is congruent with reality. The process of validation of the model gives the 
possibility to understand if the model is congruent or not. In this chapter we will 
examine the consistency with reality of the Rat Rigth Hindilimb model. In the 
second paragraph of this chapter we will show how it is possible to use the model, 
which has been validated, for the prediction of the Spinal Maps. 
 
3.1 Validation 
A validated model appears to be a reasonable imitation of a real-world system. The 
first step is to obtain empirical data; the validity can be then tested comparing these 
real structures with the output of the model. This process is necessary every time 
we work with a model and we would like to use it to predict the physiological 
behaviour of the structure under examination. 
After having set OpenSim’s tools and having obtained the results of the Static 
Optimization we need to validate the model. This is not a trivial process. We use 
the comparison between the real activation of the muscles and the activation 
obtained after the implementation of the Static Optimization. First of all it is 
necessary to underline that the model has 39 muscles but in the experiments we 
record only two muscles, Tibialis (TA) and Gastrocnemius (GM). This is due to 
two main reasons:  
 a logistic aspect: it is difficult to put more than two electrodes in the rat’s 
leg because of its small dimension; 
 
 a technical aspect: more electrodes can easily induce infections in rats. 
 
So the only comparison possible is between the empirical and the predicted activity 
of TA and GM. To compare simulated and experimental data, we etimate the 
muscle activation by computing the envelope of the EMG.  We process the real 
EMG using standard band pass filtering included from 10 Hz to 800 Hz and 
rectifying methods. We apply as last a low pass filter to eliminate the residual 
baseline noise. For the EMGs obtained by the model we use the tools describe in 
the second chapter, we do not apply filter because the Static Optimization has its 
own filter. It is not necessary to normalize these EMGs because the algorithm  
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solved normalizes the EMG over a cycle gait. For the real ones it is important 
instead to normalize in the same gait of cycle of the modelled EMG because only in 
this way the comparison can be consistent.  
For the implementation of OpenSim’s Tool we choose those gait cycle where it is 
possible to distinguish the principle phases of the walking (paragraph 2.8). In fact, 
it is important to obtain results congruent with reality. At the same time the choice 
is not obvious and also not simple. The rats have a transection at thoracic level T7 
of the Spinal Cord and even if they are stimulated by EES and start to walk again, 
their movement are often spastic and stereotyped. Sometimes limbs drags while in 
other cases they show an asymmetric stepping and often they hop before the swing 
phase. Moreover markers may easily fall, making it impossible to recreate their 
kinematic trajectory. If we plot the trajectories of each marker we can understand 
what happens during the walking. In the figure below there are the trajectories of 
the 5 markers on the right leg. The trial is complete, the rat walks for some seconds, 
without losing its markers. But if we observe with attention the picture (Fig. 3.1) 
we notice that first the rat hops at the end of the trial. The trajectories of the 
markers on the knee, crest and hip are not regular: the height of the peaks of each 
step is completely different from the previous step and the later one. The 
trajectories of the markers on the ankle and on the foot are more regular ,even if 
both of them present small peaks before the swing. It means that the rat hops before 
the swing. In conclusion this is not a trial that could be used for the model. 
Imperfections and abrupt changes in the kinematics may in fact result in 
singularities during the numerical solutions of the inverse dynamics problem.  
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Fig. 3.1:Trajectories of the 5 markers on the rat’s skin. 
 
The number of valid gait cycles that can be extracted during an experimental 
session, is therefore very limited.  
For the validation step we are able to extract four steps from two different animals. 
These steps have been used to implement the Inverse Kinematic and then to obtain 
the activation of the muscles through the Static Optimization tool.  
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Fig.3.2:mean of the activations of TA and GM. 
 
In figure 3.2 we can see in first image the mean of the kinematic of the four step 
composed of an initial phase of double stance, a stance phase, another double 
stance and finally a swing phase. It is in particular the kinematic of the marker on 
the right foot. Below this trajectory, there are the mean activation of the real EMG 
and the modelled one. In blue we can see the mean of the four activations with their 
standard deviation. In cyan the mean and the standard deviation of the activations 
obtained by  the model. The first is the Gastrocnemius (GM). It is an extensor 
muscle and it is located in the posterior part of the leg. It acts during the Stance 
phase, its function is the plantar flexion of the foot at the ankle joint and the flexion 
of the leg at the knee joint. In the picture, in fact, it is activated for the first 60% of 
the gait cycle, which coincides with the stance. Both the real and the modelled 
activations of the EMGs then reach zero. We can observe a second activation, 
smaller than the first one, present in the real GM but also in the modelled one. This 
activation coincides with the end of the swing, that is to say when the flexors, in 
particular TA, ends to act. In this moment the right foot is again going to reach the  
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ground; we are in the instant before the double stance, where the activation of the 
GM is necessary to compensate the deactivation of the TA.  
Examining the activation of the TA it appears clear that in both cases it is activated 
in the second part of the gait, in the swing phase. In fact Tibialis Anterior is the 
antagonist of the GM. It is a flexor and it is located in the anterior part of the leg; it 
acts during the swing phase because it is responsible for the flexion of the ankle.  
The activation of the two muscles obtained by the model follows with a good 
approximation the experimental data. They are activated, according to the literature 
[24], in the correct phase of step. The only discrepancy regards small time shifts in 
the activation patterns. The modelled GM shows a small temporal shifts in the 
activation with respect to the real GM muscle while the TA shows an earlier 
experimental activation. However the time shifts are restricted to few instants of 
time compared to the total gait cycle lenght and do not represent the presence of a 
significant difference among the empirical data and the prediction. In fact the two 
modelled activities show a good correlation with the experimental ones. In 
particular the correlation coefficient presents a value of 0.55 for GM and of 0.60 for 
TA, with a p-value lower than 0.0001 in both cases. We can consider the model 
validated an we can use it for further studies. 
In the next chapter we show how it is possible to predict spinal maps starting from 
the activations of the muscles obtained by the model. 
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3.2 Predictions: an insight into the “spinal    
                         brain”. 
 
The activity of the spinal cord is a particular, interesting field of study. 
Understanding how it works and how it answers to an electrical stimulation are the 
most frequent and most studied questions. To examine the activity of the spinal 
cord we can use two different methods. The first consists in the implantation of a 
multi-array electrode in the dorsolateral funiculus of the cervical rubrospinal tract 
(RST) to record descending information during free moviments [32].    
 
 
 
 
 
 
 
 
 
 
Fig.3.3: Implant location of the micro electrode array shown on the rubrospinal 
tract (RST) at the C5 level of the rat spinal cord. 
 
This method allows on one side to obtain a direct record of the signals of the RST, 
but on the other side it presents a big limit: the record of the spinal activity can be 
done only under acute condition because of technical problems regarding the 
electrodes. Connectors fails, wire breaks, increases in the impedance prevent a 
successful chronic implantation. In particular for our purposes the rat should 
survive with the electrodes implanted and functioning for a period of time of 
several months, during which it is subjected to an intense program of training to 
regain a proper locomotor ability. Given the above mentioned technical limitations, 
a direct recording of the spinal activity is not feasible. 
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The second method consists in studying the activation of the muscles. Considering 
that the activity of the muscles during human locomotion is coordinated by 
thousands of alpha-motoneurons (MNs), organised along the spinal cord, if we 
record and observe the activation of the muscles we can also go back to the activity 
of the motoneurons, and more in general of the spinal cord.  
Many authors have hypothesized that neuronal circuits located in the spinal cord 
drive muscular activation while intermediating between descending signals and 
peripheral sensory information [33],[35]. Many studies have demonstrated that 
spinal cord circuits can generate rhythmic motor activity for instance in 
decerebrated cats [35]or - as in our case - can restore locomotor functions in rats 
affected by spinal cord injury if properly stimulated. So an accurate analysis of the 
muscles can give us information about the activity on the motoneurons and it can be 
a support method to understand the complex mechanisms of the spinal cord and the 
nervous system.   
A possible and easy accessible way to do that is to produce Spinal Maps. They are 
bio image technique , which are obtained as we have described in chapter two 
considering the activation of 8 muscles. The rat right hindlimb model has be used to 
predict the activation of these muscles. We know in fact only the experimental 
activation of TA and GM for the reasons discussed in the paragraph above. Then 
trough the equation 11 we are able to estimate the motor output pattern of each 
spinal segment.  
Below we show all the results of the spinal maps that we predict. All of them derive 
from the activation of the muscles of rats, as we have explained in chapter 2, that 
have a spinal cord injury. The electrodes are implanted into the dura mater at spinal 
level L2 and S1. 
First of all we analyse the map of the rat stimulated by EES with a continuous 
impulse at 40 Hz.  
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                                                  Fig.3.4 : Spinal Map of the Tonic Stimulation at 40 Hz. 
 
The figure 3.4 shows the spinal map and the correspondent gait cycle that we use to 
solve the OpenSim’s Tools in order to obtain the activations of the muscles. The 
map is characterised by different zones distinguished by colour. How the colourbar 
shows, in red are represented the areas where the segments are more activated, blue 
is instead synonymous of areas where the activation is absent. Intermediate colours 
show intermediate activations. Looking at the figure, it is evident that there are two 
different zones of intense activation: one is in correspondence of the stance phase 
and the other one is in correspondence of the swing phase.  
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The stance, as we have explained better in the chapter 2, is the phase during which 
the rat extends the foot. It is the moment of the gait cycle where all the extensors, in 
different way, have to be activated. It is not by chance that the map presents a red 
area in correspondence with L5 and L6. These are in fact the spinal segments where 
we find most of the motoneurons connected to the GM and to the extensors in 
general [15]. Another area, less activated of the first one, is in L3 where are 
originated the motoneurons innervating the EDL. So the muscle is activated but its 
activation does not reaches the maximum value. Starting from the 60% of the cycle, 
the swing phase starts, where the extensors acts. In this map the activation of these 
muscles is extremely low. Our hypothesis is that the impulse of the EES at 40 Hz 
has a frequency not high enough to induce a big activation of the flexors, but it 
preserves the typical swing/stance phase alternation of the spinal map activation 
similar to the human gait (Fig. 2.21). 
               
   
                     Fig. 3.5: Spinal Maps at three different level of frequencies of the EES (40Hz, 70Hz, 100 Hz). 
 
Here (Fig. 3.5) three maps obtained stimulating the same rat with impulses of the 
same width and intensity are shown. The only parameter that changes between the 
three is the frequency: it increases with the time. 
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Fig. 3.6 : kinematic trajectory of the marker on the right foot. It includes all the steps done by the rat 
in the experiments. They are divided according to the frequencies used for the stimulation. In red the 
steps that we have chosen for the implementation of  the OpenSim’s Tools 
 
 
In fact during the experiments, while the rat is walking on the treadmill, the 
frequency used for the stimulation starts from 40 Hz, increases at 70 Hz and then 
reaches 100 Hz. (Fig. 3.6)  
 
It appears clear that also the amplitude of the red zones increases. First of all, 
comparing the maps at 40Hz and 70 Hz we can see that in the second map, at 70 
Hz, the red area appears also in correspondence of L1 and L2 during the swing. 
They are the spinal segments where we find the motoneurons of VL. This becomes 
even more evident in the map at 100 Hz. Also in the stance phases all the muscles 
are more activated. To understand what happens when we stimulate at different 
frequencies, we can study the height of the step of the rat while it is walking on the  
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treadmill. In figure 9 we plot also the step. It is evident that the third step at 100 Hz 
is the one with the maximum height. It exists a linear correlation between step 
height and EES frequency, as figure 9 shows. 
 
 
 
 
 
 
 
 
Fig. 3.7: Linear correlation between step height and EES frequency. Each  point  represents the 
maximum value of the height of the step. 
 
 
These considerations demonstrate that the increase of EES frequency over time 
induces at least two consequences. On one side it increases the height of the steps 
of the rat, on the other side it induces a graded increase of EMGs activity. Most 
probably the general increase in the induced muscle activity results in fact in a 
higher step during mostly to the higher activation of flexors evident during the 
swing phase if compared to the 40Hz protocol. Moreover, this kind of stimulation 
doubles the duration of stepping. The rats are able to do more than 10 steps in the 
same experiment. In EES at 40 Hz instead the rats show a progressive decrease of 
the step and of the EMG activity, while they are walking on the treadmill ,until they 
collapse. However it can be observed that the phasic alternation of spinal activation 
is greatly affected by the higher frequencies. Where the 40Hz preserves a "natural" 
alternation of flexors and extensors, at 70 and 100Hz a general activation of 
muscles results in longer swing and stance phases that almost create a continuous 
muscle activity generating an "unnatural" spinal behaviour. 
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How the activity of EMGs increases with the increase of frequency is also showed 
in the barplot below (Fig. 3.8). The EMGs  normalized activities at each 
frequencies in fact reach the maximum value at 100 Hz. 
  
                        Fig . 3.8 : EMGs normalised activities at the different frequencies. 
  
Until now we have discussed about how the increase of EES frequency can induce 
a strong EMG activity, but we have not spoken about selectivity. The selectivity of 
the EES is the capacity of the stimulation to recruit specifics motoneurons 
according to the phases of the gait cycle. For example, to understand better, EES 
can be considered selective if it is able to recruit only the motoneurons of TA in 
theswing or GM in the stance. Changing only the frequency of EES does not permit 
to obtain a specific selectivity. Even if we can observe two zones one of the 
extensors and the other of the flexors, there are area with an important residual 
EMG activity. They are more evident in the map at 100 Hz between 40%-60% of 
the gait cycle. 
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To solve this problem it has been used the Phasic stimulation. As we have 
described in chapter 2 this stimulation protocol consists in stimulating during the 
swing L2 and during the stance S1. Previous studies [15] have demonstrated that 
the stimulation of L2 induces the activation of the flexors and the stimulation of S1 
induces the activation of the extensors. This stimulation permits to distinguish 
better the EMG activity with respect to the gait cycle. The figure 3.9 show in fact 
that there is only activity during stance and at the begging of the swing, elsewhere 
there is not activation of the spinal cord – and as a consequence of the muscles.  
Compared to the map generated at tonic 40Hz stimulation we can observe huge 
burst of muscle activity completely separated in time, resulting in enhancement of 
the stance and swing phase. This type of stimulation protocol can therefore result in 
an enhancement of the total muscle activity without disrupting the natural 
alternation of phases.  
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Fig. 3.9 : Spinal Maps at phasic stimulation. 
  
 
 
 
 
 
 
 
               
 
 
 
80 
 
 
 
 
 
Chapter 4 
                          Conclusion 
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This work of thesis is a research in the field of the Neuroprostetics, which focus in 
particular of EES. Throughout the chapters we have analysed what EES is and how 
it works. It is now evident the enormous power of this stimulation. The application 
in fact are various and different. It can be used to restore motion in patients affected 
by SCI, by Parkinsos, it can be used also to do the rehabilitation. Certainly this 
thesis is one of the work which support the EES and which allow to understand that 
the application of  EES in humans can give enormous benefits [1]. The work also 
demonstrate the differences between the two protocols of stimulation –tonic and 
phasic - and provide the idea to use different and appropriate protocols according to 
the case of the study. 
In this chapter we analyse and discuss our results in order to understand which are 
the future steps. 
 
4.1 Discussion 
The spinal maps in general represent an instrument to analyse the dynamic 
evolution of MNs activation patterns during the gait cycle. They are able to provide 
different information. On one side they represent the descending drive from spinal 
MNs to the peripheral muscle. On the other side they integrates and processes 
afferent information from higher level structures of the central nervous system 
(CNS) and the sensimotor one from the periphery.  
Through the maps showed in chapter 3 in fact give an idea about what happen 
during the stimulation. It is evident that during the tonic stimulation at 40 Hz we are 
not able to recruit all the MNs, but increasing the frequency more MNs are 
activated. At 100 Hz the activity is intense (Fig. 3.5). The map shows red areas in 
fact in correspondence of high end low spinal segments. The problem is that in this 
map the two bursts related of the two phase of the gait cycle – swing and stance- 
are not so evident and not easy noticeable. Studies conducted in humans [1][28] 
demonstrate in fact that the stimulation way at 40 Hz is the best protocols. Also in 
rats [18] 30-40 Hz is the range of frequencies where there are better results. And in 
our map at 40 Hz the two bursts are in fact more evident even if in the map at 40 Hz 
during the swing phases the motoneurons are not activated above the 60%. On the 
other hand increasing in frequency also allows to control the height of the step. 
Recent studies [16] have demonstrated what happen in the kinematic output of rats 
stimulated by a tonic impulse of EES considering the increment of the frequency. 
Our results confirm their work [16]. In both of the experiments the height of the 
steps increases with the increment of the frequency and the rats are able to do more 
steps before the collapse.  
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Interesting are also the results showed in Fig. 3.9. As we have discussed in chapter 
3 this is the map obtained stimulating the rat with the phasic protocol. It is a 
completely innovative kind of stimulation, that has been used and experimented for 
the first time in the TNE laboratory of the EPFL. We demonstrate with the spinal 
map that the phasic protocol actually gives the possibility to stimulate in a selective 
way. In map it is evident that only the motoneurons responsible of the flexor 
muscles are activated in the stance and the ones that innervate the extensors are 
selectively activated in the swing phase. But the big goal reached is the fact that, as 
we have proved, with this protocol we can recruits many motoneurons instead of 
the tonic one, many motoneuron in the correct phase of the gait cycle. In the map 
there are areas where the percentage of the activated motoneurons is more than 
80%. And these areas are in correspondence of the correct gait cycle, according to 
the literature [18]. So the phasic stimulation like the tonic one at 40 Hz presents two 
different bursts but at the same time it results to be better than the tonic because it 
shows an higher activity of the motoneurons. 
 
4.2 LIMITS 
The first limit of the spinal maps concerns the fact that they represent the relative 
amplitude of activity in each given spinal segment related only to the muscle 
activity, so they do not provide any information about the absolute amount of 
activity in the spinal cord. The second limit regards the fact that in this work of 
thesis spinal maps are obtained with only 8 EMGs of the modelled muscles. Even if 
we are able to predict the activity of the spinal cord using 8 muscles could be a 
restricted number. 
The only limit regarding the experiments concerns instead the platform used for 
measuring the ground reaction force. It is one for both the legs.  
 
          4.3 FUTURE DEVELOPMENT  
We propose to do maps with more muscles and so to calculate experimentally other 
weights of other muscles. 
We also propose to conduct experiments with healthy rats. Studying how EES can 
influence the activity of the motoneurons in healthy rats, can give other information 
about the stimulation and the different protocols. It can be a way through which we 
can understand if the results obtained can be improved using kinematic data of 
healthy rats. Now in fact we suppose that many problems in the prediction of the 
muscles' activity derive from the fact that the rat are affected by SCI and their  
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walking is not fluent. It is then necessary to verify it with the kinematic trajectories 
of rats without diseases. 
We suggest to use for the future experiments two platform, one for the 
measurement of the ground reaction force acted on the right foot one for the one 
acted on the left foot. In this way it is possible to obtain exactly the force of the 
right foot. It can be a way to implement the model in OpenSim without 
approximations. 
In conclusion the result obtained about the tonic stimulation opens the intriguing 
possibility to automate leg movement control in real time through closed-loop 
modulation of EES, changing the height of the step accordingly with the needs of 
the rats. One of the major goal in the Neuroprosthetics field is the development of 
accurate models that can be broadly tuned offline and transparently. These models 
can be used for the rehabilitation of patients affected by SCI and they can guarantee 
the change of frequency according the gravity of the injury. On the other side the 
result obtained for the phasic protocol open the possibility to use this kind of 
stimulation instead of the tonic. Other studies are of course necessary. It can be 
helpful to prove what happens in the spinal maps if the frequency increases like in 
the tonic stimulation. Then it could be possible to use the stimulation also in 
humans. 
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